ABSTRACT. The German cockroach, Blattella germanica (L.) (Dictyoptera: Blattellidae) has two major immunocytes (blood cells) (granulocytes (GRs) and plasmatocytes). The GRs participate both in encapsulation and phagocytosis of nonself tissue. Structurally, the GRs are flattened and discoid, and contain, among other organelles, microtubules that are arranged in the form of a bundle in their peripheral region in the plane of flattening. If one implants a foreign tissue in the cockroach's abdomen, the GRs become activated and begin to encapsulate the implant by flattening and wrapping around it. The activated GRs show considerable increase in the number of both the microtubules and the nuclear pores of the nuclear envelope. Such structural changes in an activated arthropod immunocyte and their functional significance in its immune reaction against a foreign tissue have not been previously reported. We believe that the large number of microtubules is necessary not only to maintain the flattened nature of the GRs, but also to ensure the formation of an effective capsule against the deforming and shearing forces of the foreign tissue. And to keep up with the rapid assembly of new microtubules during encapsulation, the nucleus apparently triggers the synthesis of tubulin via ribosomes, its nuclear pores serving as channels for molecular transport to and from the nucleus. A structural and functional analogy between GRs and human platelet has also been suggested.
vertebrates and invertebrates, including a few arthropods (Thermobia domestica, Limulus polyphemus, Homarus americanus, Libinia emarginata, Cancer borealis, and Periplaneta americana) (2, 8, 11) .
Nuclear pores are a constant feature of all known eukaryote cells. Although they have been previously reported in the immunocyte (GR) of the American cockroach, Periplaneta americana (17) , their significance in the immune reaction has not been previously reported in any insect, especially the fact that their number increases considerably in the immunocyte in response to its immune reaction against foreign tissue.
During an ongoing investigation of the immune system of the German cockroach, Blattella germanica (7, 16) and the immunologic defense strategies of insect endosymbionts (14) , we noticed that the GRs in roaches, which were implanted with pieces of fixed (surface-altered) and unfixed xenogeneic nerve cords and commercially available pieces of "plain gut" (sterile surgical sutures) (Ethicon, Inc., Someville, NJ), showed several ultrastructural changes (16) , the increase in the number of microtubules and nuclear pores being the most prominent. The purpose of this paper is to describe the changes in the number of the microtubules and the nuclear pores and discuss their significance in the cockroach's immune reaction. As far as we know, such changes in an activated immunocyte of any insect have not been previously reported. Transmission electron microscopy and freeze fracture and etching. Collected samples were fixed with fresh buffered 2.5% glutaraldehyde for 1.5 h. These prefixed homolymph samples were washed in 0.1 M cacodylate buffer, placed in 1% buffered osmium tetroxide for 1.5 h, washed again in buffer, dehydrated through a graded ethanol series, and embedded in Epon-Araldite mixture. Thin sections were collected on Formvar-coated grids and stained in uranyl acetate-lead citrate and observed in a Philips 300 electron microscope. For freeze fracture and etching, we followed the methods used by us elsewhere (16) .
RESULTS
The microtubule bundle (MB), although ordinarily present in the granulocyte (GR), is not visible in normal (native), unactivated GR under phase contrast microscope (Fig. 1C) ; the same cell, however, when lysed with the detergent Triton X-100 and treated with anti-tubulin, shows the MB (other organelles, except the nucleus being invisible) under fluorescence microscope (Fig. 1D ). It should be noted here that we did not find MBs in the plasmatocytes (PLs) (Fig. 1B) , when the latter were similarly treated. In all anti-tubulin-treated GRs, the MBs appeared brightly fluorescent when observed by indirect immunofluorescence technique. They were always located in the marginal or circumferential region of both the normal and activated GRs (Fig. 1D, F ). In addition, we noticed the presence of a microtubuleorganizing center (MTOC) in the periphery of the cell as a bright spot (Fig. 1D) . Because both the MB and the MTOC bind anti-tubulin, they are easily seen by indirect immunofluorescence method. In thin cross sections, the number of the microtubules (21.4-23.5 nm in dia; 12.6-12.8 nm wide lumen) in the MBs of normal, unactivated GRs ranged from 27 to 56 (36 microtubules in Fig. 1G ; 55-56 microtubules in Fig. 1H ). In the activated GRs (harvested from 10-day-old, completed capsule), however, the number of microtubules increased considerably, ranging from 105 to 257 (105 in Fig. 2B , C; 157 in Fig. 2D ; 257 in Fig. 3 ). We also noticed some splaying and disorganization among the microtubules of the MBs of activated GRs (Fig. 3) . In addition to microtubules, we noticed other microtubule-like structures (12 nm in dia and 5. 
DISCUSSION
Significance of increased MB microtubules. Of the two major immunocytes (the PLs and the GRs), the MBs are present only in the GRs. We have reported elsewhere (16) that in B. germanica only the GRs participate in encapsulation and phagocytosis of foreign tissue. Thus, it appears that MBs serve some function in the GR's immune reaction to foreign tissue. It should be noted here that MBs are found in both vertebrate and invertebrate erythrocytes (8) , which are often flattened and elliptical. Among the arthropods, they have been reported in the xiphosuran, Limulus polyphemus, crustaceans, Homarus americanus, Cancer borealis, and Libinia emarginata (8) , and the insects, Peri planeta americana (3), and Thermobia domestica (11) .
Microtubules are known to maintain cell shape (1) and also participate in effecting cell movements. The GRs in B. germanica are discoid in shape (7, 16) and the microtubules in these immunocytes are located peripherally in the form of bundles under the plasma membrane in the plane of flattening. This arrangement of the microtubules apparently helps maintain their discoid shape and perhaps their movement to the site of action. Indeed, Cohen and Nemhauser (8) have reported that 98% of the MB-containing erythrocytes of the blood clam, Noetia ponderosa, when subjected to mechanical stress "by fluxing through glass capillary tubes," maintained their flattened and elliptical shape. And the flattened and discoid shape of the GR seems to be tailor-made for further flattening and wrapping around the foreign tissue. For successful encapsulation, it should be of utmost importance that the flattening of the GRs be maintained against the deforming and shearing forces of the foreign tissue, while the latter is being encapsulated; continued increase in the MB microtubules in the GRs harvested from capsules of various ages, seems to ensure this requirement, and strongly supports the shape-maintaining function of the microtubules. Indeed, Behnke (6) has suggested that the "MB resist change in shape. " Furthermore, on the basis of this function of the microtubules, we can also explain why they are absent in the PLs, which are not discoid and do not participate in encapsulation. Cohen and Nemhauser (8) have suggested that MBs "are a normal component only of cells that exist as individuals in a fluid tissue. " This is not supported by the absence of these organelles in the PLs, which are spherical immunocytes in the hemolymph of B. germanica. We have suggested elsewhere (15) that septate junctions, formed between the capsule-forming GRs during encapsulation, also contribute to the maintenance of the integrity of the capsule.
Absence of cross bridges among the MB microtubules, as is the case in B. germanica, has also been reported in L. polyphemus (8) .
We have mentioned earlier that the MB microtubules are not in direct contact with the plasma membrane, but are separated from it by a space that varies from 27 to 47 nm. According to Cohen and Nemhauser (8) , this space in the GR (often called amoebocyte) of the horseshoe crab, L. polyphemus, is 50 nm wide and acts as a specialized cortical layer that is partly constituted by the surface-associated skeleton (membrane skeleton). This, however, remains to be demonstrated in B. germanica.
Although Gupta (13) has pointed out several functional analogies between arthropod immunocytes and the vertebrate B-and T-lymphocytes, it seems there are both structural and functional similarities between the arthropod GR and human platelet; the platelets also are flattened, discoid, or slightly elliptical (5) and have MBs, and both the GRs (or the so-called coagulocytes (COs) in other arthropods) and the platelets are associated with coagulation (for reviews on coagulation in arthropods, see 10, 12, 13) . Furthermore, we also noticed some splaying and disorganization in the MB microtubules in the activated GRs of B. germanica (Fig.  3) , as has been reported in human platelets. Thus, our observations support the view that disorganization of the MB microtubules in human platelets is indicative of the latter's activated state (18) .
The centriole or the MTOC is believed to participate in the polymerization (assembly) of microtubules (8, 9) . Whether the MB in B. germanica GRs are constructed of microtubules of opposite polarity, as suggested by Cohen and Nemhauser (8) in the blood clam erythrocyte, or grow by continuous lengthening of a single strand, as probably happens in the human platelet, remains to be determined.
The function of the other microtubule-like structures that we noticed in the vicinity of the the MB microtubules is unknown.
Significance of increased nuclear pores. If the MB microtubules increase considerably to facilitate encapsulation, it would be necessary that they be quickly differentiated (assembled) from tubulin pools within the GR cytoplasm; and for this to happen, the tubulin pool must be continuously synthesized and replenished. The concomitant 7-fold increase in the nuclear pores suggests that the nucleus plays an important role in this process, the pores serving as channels for molecular transport of materials to and from the inside of the nucleus.
Alberts et al. (1) suggest, on the basis of analysis of experimental data, that the nuclear pore channel acts as a "water-filled cylindrical channel" that is 9 nm in
